A high-resolution multi-proxy approach, integrating pollen, inorganic and organic geochemical and sedimentological analyses, has been carried out on the Holocene section of the Padul sedimentary record in the southern Iberian Peninsula reconstructing vegetation, environment and climate throughout the last~11.6 cal kyr BP in the western Mediterranean. The study of the entire Holocene allows us to determine the significant climate shift that occurred during the middle-to-late Holocene transition. The highest occurrence of deciduous forest in the Padul area from~9.5 to 7.6 cal kyr BP represents the Holocene humidity optimum probably due to enhanced winter precipitation during a phase of highest seasonal anomaly and maximum summer insolation. Locally, insolation maxima induced high evaporation, counterbalancing the effect of relatively high precipitation, and triggered very low water table in Padul and the deposition of peat sediments. A transitional environmental change towards more regional aridity occurred from~7.6 to 4.7 cal kyr BP and then aridification enhanced in the late Holocene most likely related to decreasing summer insolation. This translated into higher water levels and a sedimentary change at~4.7 cal kyr BP in the Padul wetland, probably related to reduced evaporation during summer in response to decreased in seasonality. Millennial-scale variability is superimposed on the Holocene long-term trends. The Mediterranean forest regional climate proxy studied here shows significant cold-arid events around~9.6, 8.5, 7.5, 6.5 and 5.4 cal kyr BP with cyclical periodicities (~1100 and 2100 yr) during the early and middle Holocene. A change is observed in the periodicity of these cold-arid events towards~1430 yr in the late Holocene, with forest declines around~4.7-4, 2.7 and 1.3 cal kyr BP. The comparison between the Padul-15-05 data with published North Atlantic and Mediterranean paleoclimate records suggests common triggers for the observed climate variability, with the early and middle Holocene forest declines at least partially controlled by external forcing (i.e. solar activity) and the late Holocene variability associated with internal mechanisms (oceanic-atmospheric).
Introduction
The western Mediterranean region, located in the subtropical latitude (Alpert et al., 2006) , is a sensitive area to detect past climate variability and has been the focus of several previous Holocene studies (e.g., Zielhofer et al., 2017) . Present-day climate in this area is characterized by a strong seasonality, principally dominated by dry (hot) summers and wetter (mild) winters (Lionello et al., 2006) and one of the main mechanisms driving climate variations is the North Atlantic Oscillation (NAO) (Hurrell, 1995; Moreno et al., 2005) .
During the Holocene, orbital-scale (i.e. insolation) variations triggered climate changes that in turn produced significant environmental changes worldwide. Paleoclimate records show a Holocene climatic optimum between 9.5 and 7.5 cal kyr BP , characterized in the western Mediterranean area by high temperatures and precipitation, which has been related with high summer insolation (Lamb and van der Kaars, 1995; Fletcher and Sánchez-Goñi, 2008; Anderson et al., 2011) . Regional climate models described that the most important climatic transition towards cooler and drier conditions during the Holocene occurred around~6 ka (Huntley and Prentice, 1988; Cheddadi et al., 1997) . This shift has also been documented in the western Mediterranean, suggesting the establishment of the current NAO-like system at~6 cal kyr BP . However, other studies differ in the timing of this climate shift indicating a transition phase between 7 and 5.5 cal kyr BP (Jalut et al., 2009 ). These differences could be related with changes in altitudinal vegetation gradient, geomorphological changes in the study area and/or human perturbance of the landscape (Anderson et al., 2011) . According to Roberts et al. (2011) , combining different proxies indicative of vegetation and geomorphological changes is a useful tool to discern the timing and the main forcing triggering this mid-Holocene environmental changes.
During the last few decades, a multitude of continental, marine and ice records worldwide have shown millennial-scales climate variability during the Holocene (e.g. Johnsen et al., 1992; Bar-Matthews et al., 2003; Mayewski et al., 2004) . Numerous studies have detected this climate variability in the North Atlantic area (i.e., Bond et al., 2001; Debret et al., 2007 Debret et al., , 2009 , with a prominent~1500 yr cyclicity throughout the Holocene (Bond et al., 2001) . However, others studies have demonstrated that Holocene climate variability was not stationary and exhibited variable periodicity at different times-intervals (Debret et al., 2007 (Debret et al., , 2009 . In this respect, high-resolution Mediterranean records have also shown rapid environmental variability related to millennial-scale climate variability (Cacho et al., 2001; Fletcher and Sánchez-Goñi, 2008; Peyron et al., 2013) . Previous palynological analyses from the western Mediterranean showed vegetation responses at millennial-scales that seem to co-vary with climate variability from North Atlantic records, demonstrating hemispheric-scale teleconnections during the Holocene Rodrigo-Gámiz et al., 2014a) . Other marine and terrestrial studies found centennial and millennial-scale Holocene frequency climatic patterns (Rodrigo-Gámiz et al., 2014a; Ramos-Román et al., 2016; García-Alix et al., 2017) . However, there is a lack of non-stationary time-series analysis at millennial-scales from terrestrial records in the western Mediterranean area, which is necessary to understand terrestrial-ocean-atmospheric dynamics and the connections with highlatitude North Atlantic climate records. This is key for learning about past environmental change and climate variability in the western Mediterranean region.
Multi-proxy studies on continental records in southern Iberia and the western Mediterranean that could help understanding this environmental variability during the Holocene are rare. In order to improve our knowledge about this subject, we present a high-resolution multidisciplinary analysis integrating sedimentation, geochemistry, vegetation, and climate change and variability during the Holocene (from~11.6 cal kyr BP to Present) from the Padul-15-05 wetland record. Previous sedimentary records and paleoecological studies have been carried out on the Padul archive, detecting climate variability from the Pleistocene to the middle Holocene (Florschütz et al., 1971; Pons and Reille, 1988; Ortiz et al., 2004) . Nevertheless, a high- resolution multi-proxy analysis on the same sediment samples has never been performed at this site for the entire Holocene epoch. Recently, a multi-proxy analysis [studying pollen, spores, magnetic susceptibility (MS), total organic carbon (TOC) and X-ray fluorescence (XRF)] has been done focusing on the late Holocene part of the Padul-15-05 record. That study shows an aridification trend since~4.7 cal kyr BP and enhanced human influence on the environments in the area since the last 1.5 cal kyr BP (Ramos-Román et al., 2018) , renewing the interest to carry out a more complete study for the entire Holocene. The present study uses high-resolution radiocarbon dating, inorganic and organic geochemistry (biomarkers and bulk sediment), pollen, lithology and macrofossil analyses to reconstruct the Padul area paleoenvironmental evolution and millennial-scale vegetation and climate fluctuations in the western Mediterranean region over the last 11,600 years. This research seeks two main goals: 1) understanding regional vegetation changes and local environmental evolution and making climate interpretations during the early, middle and late Holocene, specifically focusing on the transitions, and 2) comparing millennial-scale vegetation and water-level oscillations (regional and local signal) with global climatic events.
Location and environmental setting
The Padul basin is an endorheic area at around 725 m of elevation at the foothill of the southwestern Sierra Nevada in Andalusia, southern Spain (Fig. 1 ). Today's climate in the Padul area is characterized by a mean annual temperature of 14.4°C and a mean annual precipitation of 445 mm, and by hot and dry summers (mean temperature of 22.8°C and precipitation of 25 mm) and mild and wetter winters (mean temperature of 8°C and precipitation of 140 mm) (http://agroclimap. aemet.es/). The Sierra Nevada mountain range shows strong thermal and precipitation differences due to the altitudinal gradient (from~700 to > 3400 m), which controls plant taxa distribution in different bioclimatic vegetation belts due to the variability in temperature and precipitation (Valle Tendero, 2004) . According to this climatophilous series classification (Table 1) , the Padul basin is situated in the Mesomediterranean vegetation belt (from~600 to 1400 m of elevation), which is largely defined by the dominance of Quercus rotundifolia (evergreen Quercus pollen morphotype) and, to a lesser extent, Q. faginea (deciduous Quercus pollen morphotype), which is normally accompanied by Pistacia terebinthus. Q. coccifera (evergreen Quercus pollen morphotype) also occur in crests and very sunny rocky outcrops.
Sedimentation in the Padul basin results from (1) allochthonous detritic material coming for the surrounding mountains, principally from Sierra Nevada, which is characterized at higher elevations by Paleozoic siliceous metamorphic rocks (mostly mica-schists and quartzites) from the Nevado-Filabride complex and, at lower elevations and acting as bedrock, by Triassic dolomites, limestones and phyllites from the Alpujárride Complex (Sanz de Galdeano et al., 1998) , (2) autochthonous organic material coming from plants growing in the wetland area of the basin itself and (3) biogenic carbonates from charophytes, ostracods and gastropod shells, prominent organisms that lived in the lake. The water contribution to the Padul wetland primarily comes from groundwater input and, to a lesser degree, from rainfall. Groundwater comes from different aquifers: the Triassic carbonate aquifers to the north and south edge of the basin, the out-flow of the Granada Basin to the west and the conglomerate aquifer to the east (Castillo Martín et al., 1984; Ortiz et al., 2004) . The main water output is trough evaporation and evapotranspiration and more recently also by water wells and by canals (locally called "madres") (Castillo Martín et al., 1984) . The canals were built around the end of the XVIII century with the goal of draining the basin water to the Dúrcal river to the southeast for cultivation purposes (Villegas Molina, 1967) . In the early 2000s the Padul wetland was placed under environmental protection and the peat mine stopped pumping water out of the basin and the Padul lake increased its size considerably.
The Padul-15-05 drilling site is located around 50 m south of the present-day Padul lake-shore area. The edge of the lake area is at present principally dominated by the grass Phragmites australis. The lake environment is also characterized by emerged and submerged macrophytes communities dominated by Chara vulgaris, Myriophyllum spicatum, Potamogeton pectinatus, Potamogetum coloratus, Typha dominguensis, Apium nodiflorum, Juncus subnodulosus, Carex hispida, Juncus bufonius and Ranunculus muricatus among others (Pérez Raya and López Nieto, 1991) . Populus alba, Populus nigra, Ulmus minor and several species of Salix and Tamarix grow on the northern lake shore (RamosRomán et al., 2018) .
Methodology

Padul site core drilling
The Padul-15-05 sediment core (37°00′39.77″N; 3°36′14.06″W) with a length of 42.64 m, was collected in 2015 from the Padul lake shore (Fig. 1) . The core was taken with a Rolatec RL-48-L drilling machine equipped with a hydraulic piston corer from the Scientific Instrumentation Center of the University of Granada (CIC-UGR). The sediment core was wrapped in film, put in core boxes, transported and stored in a dark cool room at +4°C at the University of Granada. In this study, we focus on the uppermost~3.67 m from the 42.6-m-long Padul-15-05 core.
Chronology and sedimentation rates
The age model for the uppermost~3.27 m is based on fourteen AMS radiocarbon dates previously shown in Ramos-Román et al. (2018) . Six more radiocarbon samples have been analyzed in the lower part of the study record in order to improve the chronology of older sediments. Three of these samples were rejected, because one plant sample was too young and two gastropod shell samples provided old dates due to the reservoir effect. As a result, the sedimentary record chronology from~4.24 m to 0.21 m depth was constrained using a total of seventeen AMS radiocarbon dates ( Table 2 ). The age model was built using the R-code package 'Clam 2.2' employing the calibration curve IntCal 13 (Reimer et al., 2013) , a 95% confident range, a smooth spline (type 4) with a 0.20 smoothing value and 1000 iterations (Fig. 2) . The chronology of the uppermost 21 cm of the record was built using a linear interpolation between the last radiocarbon date and the top of the record, which was assigned the age when coring (2015 CE) .
In this paper we followed the three principal subdivisions for the Holocene defined by Walker et al., 2012 . They proposed an EarlyMiddle Holocene boundary at 8.2 cal kyr BP and Middle-Late Holocene Table 1 Modern vegetation belts from Sierra Nevada (El Aallali et al., 1998; Valle, 2003 
Lithology and magnetic susceptibility (MS)
The Padul-15-05 core was split longitudinally and was described in the laboratory with respect to lithology and colour (Fig. 3) . High-resolution continue scanning images were taken with an Avaatech core scanner at the University of Barcelona (UB). MS was measured with a Bartington MS3 operating with a MS2E sensor. MS measurements (in SI units) were obtained directly from the core surface every 0.5 cm (Fig. 3) . Lithological description and MS data of the same record of the uppermost 1.15 m of the record were previously described in RamosRomán et al. (2018) . Table 2 Age data for Padul-15-05 record. All ages were calibrated using R-code package 'clam 2.2' employing the calibration curve IntelCal 13 (Reimer et al., 2013) at 95% of confident range. Note that the age data for the uppermost~3.27 m were previously shown (Ramos-Román et al., 2018 Fig. 2 . Picture of the Padul-15-05 sediment core (images were taken with an Avaatech core scanner at the University of Barcelona) with the age-depth model showing the part of the record that was studied here (red rectangle) corresponding with the last 11.600 years, based on a previous age-depth model (Ramos-Román et al., 2018) . The sediment accumulation rates (SAR; unit = cm/yr) between radiocarbon dates are marked. See the body of the text for the explanation of the age reconstructions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Inorganic geochemistry
High-resolution XRF was applied continuously throughout the core surface, taking measurements of elemental geochemical composition. An Avaatech X-Ray fluorescence (XRF) core scanner® located at the UB was used. Chemical elements were measured in the XRF core scanner at 10 mm of spatial resolution, using 10 s count time, 10 kV X-ray voltage and an X-ray current of 650 μA for lighter elements and 35 s count time, 30 kV X-ray voltage, X-ray current of 1700 μA for heavier elements. Thirty-three chemical elements were measured but only the most representative with a significant number of counts were considered (Si, K, Ca, Ti, Fe, Zr, Br, S and Sr). Results for each element are expressed as intensities in counts per second (cps) and normalized for the total sum in cps in every measure (Fig. 4) , being the upper part of the record (from 1.15 m to the top) previously shown in Ramos-Román et al. (2018) .
Organic geochemistry
Several organic geochemical proxies have been studied from bulk sediment samples throughout the record: total organic carbon (TOC), atomic Carbon-Nitrogen ratio (C/N) and atomic Hydrogen-Carbon ratio (H/C). In addition, several indices of leaf wax biomarkers (n-alkanes) were calculated: the average chain length (ACL), the carbon preference index (CPI) and the portion of aquatic (Paq). In addition, three new indices have been calculated based on the relative abundance of odd carbon number from nC 17 to nC 33 alkanes, except for nC 27 alkanes (See Section 3.2.2 for justification of new indices).
Samples for elemental analyses in bulk sediment were analyzed every 2 or 3 cm throughout the Padul-15-05 record, with a total of 206 samples analyzed. Samples were decalcified with 1:1 HCl to eliminate the carbonate fraction. Carbon, nitrogen and hydrogen content of the decalcified samples were measured in an Elemental Analyzer Thermo Scientific Flash 2000 model at the CIC-UGR. Percentage of TOC (note that TOC of the uppermost 1.15 m of the record was previously described; Ramos-Román et al., 2018) , total nitrogen (TN) and total hydrogen (TH) per gram of sediment was calculated from the percentage of organic carbon, nitrogen and hydrogen yielded by the elemental analyzer, and recalculated by the weight of the sample prior to decalcification. The atomic C/N and H/C ratio was calculated from the carbon, nitrogen and hydrogen measurements (Fig. 4) .
Biomarkers from the Padul-15-05 record were extracted every 5 cm from sedimentary record, with a total of 68 samples analyzed. Furthermore, thirty-one modern plant leaves/algae and bryophyte samples were taken from the surroundings of the Padul basin and analyzed for biomarkers. The total lipid extraction (TLE) from the freeze-dried samples was obtained using an accelerate solvent extractor (ASE) Thermo DIONEX 350, with a dichloromethane:methanol (9:1). Plant biomarkers were extracted manually using dichloromethane:methanol (9:1) by means of sonication and low temperature (38°C). The TLE from plants and sediments was separated into three different fractions using a silica gel column. Before the separation three internal standards were added to the TLE (5α-androstane, 5β-androstan-17-one and 5α-androstan-3β-ol) in order to assess the biomarker extraction as well as to quantify them. Compounds of the aliphatic fraction (n-alkanes) were recovered in the first fraction eluted with Hexane. The n-alkanes were identified and quantified using a Gas Chromatography flame detection and mass spectrometry (GC-FID and GC-MS) by means of an Agilent 5975C MSD by comparison to an external n-alkane standard mixture from nC 10 to nC 40 .
Pollen
Samples for pollen analysis (1-3 cm3) were taken with a resolution between 1 and 5 cm throughout the core. A total of 73 samples between 1.15 and 3.67 m have been analyzed in this study and were summed to the previous 103 pollen samples analyzed between 0 and 1.15 m (Ramos-Román et al., 2018) , with a mean pollen resolution around 65 yr (~95 yr between 11.6 and 4.7 cal kyr BP and~50 yr for the last 4700 years). Pollen extraction methods followed a modified Faegri and Iversen (1989) methodology. Processing included the addition of Lycopodium spores for calculation of pollen concentration. Sediment was treated with 10% NaOH, 10% HCl, 10% HF and the residue was sieved at 250 μm before an acetolysis solution. Counting was performed using a transmitted light microscope at 400 magnifications to an average pollen count of around 250 terrestrial pollen grains. Fossil pollen was identified using published keys (Beug, 2004) and modern reference collections at the UGR. Pollen counts were transformed to pollen percentages based on the terrestrial pollen sum, excluding aquatics. Nonpollen palynomorphs (NPP) include algal spores. The NPP percentages were also calculated and represented with respect to the terrestrial pollen sum. Several pollen and NPP taxa were grouped according to present-day ecological data in Mediterranean forest, xerophytes and algae (Fig. 5) . The Mediterranean forest taxa include Quercus total, Olea, Phillyrea, Pistacia and Cistaceae. The Xerophyte group includes Artemisia, Ephedra, and Amaranthaceae. The Algae group is composed of Botryococcus, Zygnema type, Mougeotia and Pediastrum. Zonation was obtained witha cluster analysis using four representative pollen taxa Mediterranean forest, Pinus total, Ericaceae and Artemisia (Grimm, 1987; Fig. 5 ).
Statistical analysis
Statistical treatment was performed using the PAST 3.12 software (Hammer et al., 2001) . Principal component analysis (PCA) was conducted on different geochemical elements (XRF data) to clarify the lithological elemental composition of the core (Supplementary; Fig. S1 ). Prior to the PCA analysis, we pretreated the data normalizing the element counts by subtracting the mean and dividing by the standard deviation (Davis and Sampson, 1986) . As data spacing was different in all the study proxies, the data were also resampled to the average value of 80-yr (linear interpolation) to obtained equally spaced time series. Posteriorly, a Pearson correlation was made to different organic/inorganic geochemistry and pollen proxies to find affinities between the different proxies.
In this study, spectral analysis was accomplished on the Mediterranean forest pollen taxa time series, to identify regional millennial-scale periodicities in the Padul-15-05 record. We used REDFIT software (Schulz and Mudelsee, 2002) on the unevenly spaced pollen time series in order to identify cyclical changes. In addition, we carried out a Wavelet transform analysis by the PAST software (Torrence and Compo, 1998) with the goal of identifying non-stationary cyclical variability in the regional vegetation evolution, the pollen was previously detrended and resampled at 80-yr age increments. In this study, a Morlet wavelet was chosen, the significant level (plotted as contour) corresponded to a p-value = .05, and a white-noise model was implemented.
Correlations for the environment reconstruction
Linear r (Pearson) correlation analyses between the obtained local proxy dataset (MS, Ca, S, Br, Sr, K/Si ratio, C/N ratio, H/C ratio, TOC, short-chain, mid-chain and long-chain abundances, Poaceae, Algae and Hygrophytes) are shown in Table 4 . These analyses were performed to identify the associations between proxies and to understand environmental change in the Padul area. This analysis assisted us in identifying (a) different proxies characteristic of organic-rich sediments, primarily that peatland environment under very shallow lake conditions (higher TOC, C/N ratio, S, Br, Sr and mid-chain abundance) and (b) a second group of proxies characteristic of deeper shallow water environments depicted by the increase in endogenic carbonates and more influenced by terrestrial-clays input (higher Ca, K/Si, MS, Algae). . Percentages of selected pollen taxa and nonpollen palynomorphs (NPPs) from the Holocene part of Padul-15-05 record, represented with respect to terrestrial pollen sum. Silhouettes show 7-time exaggerations of pollen percentages. Tree and shrubs are showing in green, herbs and grasses in yellow, aquatics in dark blue, algae in blue and fungi in brown. The Mediterranean forest taxa is composed of Quercus total, Olea, Phillyrea and Pistacia. The xerophyte group includes Artemisia, Ephedra, and Amaranthaceae. The hygrophytes group is composed by Cyperaceae and Typha type. Algae group is formed by Zygema type, Botryococcus, Mougeotia and Pediastrum. U: Unit. Note that uppermost~1.15 m pollen and NPPs results of the record were previously depicted (Ramos-Román et al., 2018) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Results and proxy interpretation
Chronology and sedimentary rates
The age-model of the studied Padul-15-05 core (Fig. 2 ) is constrained by 17 AMS 14 C radiocarbon dates from the top 4.24 m of the record (Table 2) . In this work, we studied the uppermost~3.67 m that continuously cover the last~11.6 cal kyr BP. This interval is chronologically constrained by 16 AMS radiocarbon dates. Fifteen distinct sediment accumulation rates (SAR) intervals are differentiated between 3.67 m and the top of the record (Fig. 2) .
3.2. Lithology, inorganic and organic geochemistry 3.2.1. Lithology and inorganic geochemistry Inorganic geochemistry informs us about variations in the lithology and the local depositional environment. Variations in these proxies could also be useful for estimating water level fluctuations in the wetland environment. Sediments bearing aquatic fossil remains (i.e. gastropods and charophytes) as well as beingrich in carbonates have previously been related to shallow water lakes (Riera et al., 2004) . Lower water levels, more subjected to be occupied by wetland vegetation, and ephemeral lakes are characterized by the increase in organics and clastic input and more influenced by terrestrial-fluvial deposition (Martín-Puertas et al., 2008) . Magnetic susceptibility (MS) measures the propensity of the sediments to bring a magnetic charge (Snowball and Sandgren, 2001) .
Framboidal pyrite (FeS 2 ) and barite (BaSO 4 ) with Sr have been found covering exceptionally preserved mammals remains from 40 to 30 ka at the Padul Peat bog (García-Alix et al., 2012) pointing towards a peat-bog environment with enhanced anoxic conditions. The presence of pyrite and organic-sulfur compounds is common in peat bogs (Wieder and Lang, 1988; Feijtel et al., 1989; Chapman, 2001 ) and other organic rich sediments under anoxic conditions (López-Buendía et al., 2007) . Increasing values of organic carbon and bromine have been related with higher organic matter deposition generated in high productivity environments (Kalugin et al., 2007) . In marine records, Br XRF scanning counts can be used to estimates sedimentary total organic carbon (Ziegler et al., 2008) .
A visual lithological inspection was made for the upper~3.67 m of the Padul-15-05 sediment core and was compared with the elemental geochemical composition (XRF) and the MS data (Fig. 3) . For the geochemical elements, we conducted a PCA to summarize and better understand the correlation between the visual lithological features and the geochemical signal of the sediments (Supplementary Fig. S1 and Table S1 ). The PCA in the studied sedimentary sequence identifies three main groups of sediments consisting of clays with variable content in (1) carbonates of endogenic formation with high values of Ca, related with the occurrence of shells and charophyte remains, (2) siliciclastics (Si, K, Ti, Fe, Zr) and (3) vegetal organics (related with S and Br) probably associated with reducing environment under anoxic conditions showing high values of S, Sr and Br. The K/Si ratio was calculated to differentiate the clays input into the basin. The K/Si ratio is based on the fact that clay fraction is enriched in phyllosilicates (illite, muscovite), whereas the coarser particles that are mainly quartz, dolomite and schists. This correlation between K and clay content has been observed in other lacustrine systems (e.g. Lake Enol, Iberian Peninsula) and associated with an increase in detrital input . Four different lithological units were identified (Fig. 3) . Units 1 and 2 are principally made up of peat sediments and Unit 3 and 4 by clays with variable carbonates (Fig. 3) . Unit 1 (SAR~0.04 cm/yr), from the bottom (3.67 m;~11.6 cal kyr BP) to around 2.31 m (~7.6 cal kyr BP), is characterized by facies 1 -dark organic peat -high S, Sr and Br values. Unit 2 (SAR~0.05 cm/yr), from 2.31 to 1.15 m (~7.6 to 4.7 cal kyr BP), is also generally characterized by facies 1 but with the intercalation of three other different facies; facies 2 from 2.31 to 2.21 m (~7 .6 to 7.3 cal kyr BP) depicted by grey clays with gastropod remains (featured by the increase in Ca and K/Si ratio), facies 3 from 1.95 to 1.85 m (~6.6 to 6.4 cal kyr BP) made up of brown clays with the occurrence of gastropods and charophytes (showing a decrease in S, Br and Sr and higher values of Ca) and facies 4 around 1.46 to 1.40 m (5 .7 to 5.4 cal kyr BP) characterized by grey clays (related with the increase in siliciclastic material and clays input). Units 3 (SAR~0.03 cm/ yr) and 4 (SAR~0.13 cm/yr) correspond with the uppermost 1.15 m (4.7 cal kyr BP) of the record were previously described in RamosRomán et al. (2018) as clays with high Ca values and showing an increasing trend in K/Si ratio to the top of the record.
Organic geochemistry
Variations in TOC, C/N and H/C ratios reflect changes in paleoenvironmental dynamics in bogs and lakes (Meyers and LallierVergès, 1999; Ortiz et al., 2010; García-Alix et al., 2017) . TOC concentration is the principal indicator of organic matter content in sediments. Typical organic matter contains 50% of carbon so the concentration of organic matter in sediments is twice the TOC (Meyers and Lallier-Vergès, 1999) . C/N ratio informs about the proportion of algae and terrestrial vascular plant organic matter in the sediments (Meyers, 1994) . Fresh organic matter from algae exhibits molar C/N values that are between 4 and 10, whereas cellulose-rich terrestrial plants show values above 20 and greater (Meyers, 1994) . H/C values are a good proxy for the source of the organic matter in sediments, as algal/bacterial/amorphous remains are richer in hydrogen than herbaceous and woody plant material, with values over 1.7 indicative of algal/amorphous organisms. In addition, lower values of H/C (< 0.8) could also be indicative of organic matter transport or diagenesis after deposition (Talbot, 1988; Talbot and Livingstone, 1989) .
N-alkane biomarker abundance and distribution can provide information about different biological sources of organic matter that accumulated in bog and lake sediments (Meyers and Lallier-Vergès, 1999; Ficken et al., 2000; Sachse et al., 2006) . Several of these sources are characterized by distinct predominant n-alkane chain-lengths that have been identified according to the biological sources to the sediments: (1) In general, n-alkanes with 17 or 19 carbon atoms (nC 17 or nC 19 ) are found predominantly in algae (Gelpi et al., 1970; Cranwell, 1984) and in photosynthetic bacteria (Cranwell et al., 1987) , (2) nC 21 , nC 23 and nC 25 are associated with submerged and floating aquatic plants (Cranwell, 1984; Ficken et al., 2000) , while (3) n-alkane distribution with predominant > nC 27 , nC 29 , nC 31 represents higher terrestrial plant input (Cranwell et al., 1987) as well as emergent macrophytes (e.g. Juncus sp., Typha sp. or Phragmites australis) (Cranwell, 1984; Ogura et al., 1990; Ficken et al., 2000) . CPI (illustrating the relative abundance of odd vs. even carbon chain lengths) is a proxy for preservation of organic matter in the sediments, with values lower than 2 indicating diagenetic alteration or algal/bacterial influence and, higher than 2 (see Bush and McInerney, 2013 review) indicating terrestrial influence and thermal immaturity of the source rock. Ficken et al. (2000) formulated the Paq (proportion of aquatics) to discern the origin of the organic inputs in the sediments, giving average values for present-day plants of < 0.1 for terrestrial plants, 0.1-0.4 for emerged aquatics and 0.4-1 for submerged/floating aquatic species. García-Alix et al. (2017) , however, showed that the interpretation of these n-alkane chain length indices cannot be generalized, and the modern n-alkanes distribution of the vegetation in the study site should be well understood prior to paleoenvironmental interpretations from core records. Accordingly, to better constrain the origin of the organic input in the Padul-15-05 record, we analyzed n-alkanes from present day terrestrial and aquatic plants as well as algae/bryophyte in the Padul basin area (Supplementary information; Figs. S2 and S3) . Our results show that the predominant n-alkanes in the samples are nC 27 , nC 29 and nC 31 . There is also a strong odd-over-even carbon number predominance (CPI values higher than 2). This basin is currently dominated by wetland plants, such as Phragmites australis with predominant carbon chain between C 27 and C 29 n-alkane . The Paq for present-day plants average values of 0.16 ± 0.16 for terrestrial plants, 0.29 ± 0.34 for aquatic plants and 0.32 ± 0.21 for algae-bryophyte. ACL average values were around 28.23 ± 0.74 for emerged-terrestrial plants, 28.78 ± 1.86 for aquatic plants and 27.97 ± 0.74 for algaebryophyte (Table 3 ; Supplementary Fig. S3 ). These results led us to the need to create three new n-alkane indices with the goal of characterizing the source of organic matter in our sediment samples from the Padul-15-05 record, taking in consideration the relative abundances of the odd carbon chains except for nC 27 (due to higher values in all the plant/algae samples): (1) Short-chain (%), where higher values are typical from algae or bacterial, (2) Mid-chain (%), where higher values are typical of aquatic plants, and (3) Long-chain (%), where higher values are obtained when the source is vascular emerged aquatic or terrestrial plants (Table 3 ). 
Pollen and spores
Pollen grains from terrestrial, aquatic species and spores were identified and the taxa higher than around 1% were plotted in the pollen diagrams ( Supplementary Figs. S4, S5 and S6 ). The most representative taxa are plotted in a summary pollen diagram (Fig. 5) . In this study, we used the variations between Mediterranean forest taxa, xerophytes, hygrophytes and algae for paleoenvironmental and paleoclimatic variability in the study area. The fluctuations in arboreal pollen (AP, including Mediterranean tree species) have previously been used in other nearby Sierra Nevada records as a proxy for regional humidity changes (Jiménez- Moreno and Anderson, 2012; Ramos-Román et al., 2016) . The abundance of the Mediterranean woods (i.e., evergreen and deciduous Quercus, Olea, Pistacia) has been used as a proxy for climate change in many other studies in the western Mediterranean region, with higher forest development generally meaning higher humidity (Fletcher and Sánchez-Goñi, 2008; . On the other hand, increases in xerophyte pollen taxa (i.e., Artemisia, Ephedra, Amaranthaceae), representative of steppe vegetation, have been used as an indication of aridity in this area Anderson et al., 2011) . Variability in wetland angiosperms and algae could be indicative of local change in the surrounding vegetation and lake level fluctuations. Singh et al. (1990) suggested that Cyperaceae and Typha could be considered swamp-indicative when co-occurring with freshwater algae (Cosmarium, Zygnemataceae). Currently, the dominant plant species in the Padul wetland is the common reed, Phragmites australis, in fact very common in semi-arid wetlands with shallow water levels (Moro et al., 2004) . This species has thrives whenever a wetlands becomes drier (Hudon, 2004) . Van Geel et al. (1983) described the occurrences of Zygnema and Mougeotia as characteristic of shallow lake water environments. The chlorophyceae Botryococcus is an indicator of freshwater environments in relatively productive fens, temporary pools, ponds or lakes (Guy-Ohlson, 1992) . Clausing (1999) point out that Botryococcus abundance is higher in sediment of shallow water lakes and/or littoral environment in deeper lakes. Three pollen zones were visually identified with the help of a cluster analysis using the program CONISS (Grimm, 1987) .
The pollen results are described subsequently, distinguishing three The early and early middle Holocene, from~11.6 to 7.6 cal kyr BP, is characterized by high abundance of Mediterranean forest, averaging relative percentage values of approximately 58%. The most representative arboreal tree taxon between~11.6 to 9.7 cal kyr BP is evergreen Quercus, reaching maximum values of around. 50%. A decrease in the Mediterranean forest and an increase in hygrophytes and Poaceae occurred between 10.1 and 9.6 cal kyr BP (from 3.28 to 3.01 m). Deciduous Quercus show increasing trends between 9.5 and 7.6 cal kyr BP (~2.91 to 2.31 m), recording average maxima with values of around 22% at that time. Hygrophytes reach maxima average values of approximately 17%, from~9.8 to 8.8 cal kyr BP (from 3.16 to 2.63 m). Algae display a decreasing trend from around 9% (from~11.6 to 9.9 cal kyr BP/3.67 to 3.20 m) to 2% (from~9.9 to 7.6 cal kyr BP/ 3.20 to 2.34 m). These algawedecline between~11.6 and 9.9 cal kyr BP is due to the lowering of Zygnema spores. An increase in the soil mycorrhizal fungus Glomus type occurs from~9.6 to 9.3 cal kyr BP (from 3.01 to 2.80 m).
This transition between the early and middle Holocene is featured by a slight decrease in deciduous Quercus and in wetland plants such as Cyperaceae and Typha type.
3.3.2. From~7.6 to 4.7 cal kyr BP (from~2.34 to 1.15 m)
The middle Holocene from~7.6 to 4.7 cal kyr BP is still characterized by high values of Mediterranean forest (averaging values of5 8%) interrupted by several events of forest decrease. One of the most significant Mediterranean forest declines (up to 26%) parallel hygrophyte and Poaceae rise between~7.5 and 7.3 cal kyr BP (2.28 to 2.21 m). A slight increase in algae also occurred around~7.6 to 7.1 cal kyr BP (2.31 to 2.11 m). A second decrease in the Mediterranean forest occurred at~6 cal kyr BP (from around 1.65 m), also characterized by the increase in hygrophytes to maximum values around 40%, and the increase in Pinus of around 5 to 12%. A third remarkable decrease in Mediterranean forest occurred between~5.5 to 5.4 cal kyr BP (around 1.43 to 1.39 m), also characterized by the increase of the aquatic component. These three previous events of decrease in forest decline are accompanied by slight Glomus type increases.
From~4.7 cal kyr BP to present (from~1.15 m to top)
The middle to late Holocene transition (~4.7 cal kyr BP/~1.15 m) is characterized by the decrease in Mediterranean forest, in particular in the deciduous tree taxa, and the increase in Pinus, shrubs (i.e., Ericaceae) and xerophytes and Asteraceae (mainly Cichorioideae) (Ramos-Román et al., 2018).
Spectral analysis
Spectral analysis was performed on the pollen percentage record in order to find cyclical periodicities in the Mediterranean forest from the Padul-15-05 record using REDFIT analysis (Schulz and Mudelsee, 2002) detecting a periodicities of around~2070, 1430 and 1100 yr. Wavelet analyses show significant cycles (p = .05) in the Mediterranean forest taxa time series with periodicities around~2070 and 1100 yr during the early and middle Holocene period and~1430 yr periodicity sincẽ 4.7 cal kyr BP to Present (Supplementary Fig. S7 ).
Discussion
Holocene climate change in Padul and the western Mediterranean region
The earliest Holocene
During the earliest Holocene (~11 to 10 cal kyr BP) a transition period from glacial to interglacial conditions occurred in the Padul area Table 4 Linear r (Pearson) correlation between geochemical proxies and pollen data from the Padul-15-05 record. Statistical treatment was performed using the Past software (http://palaeo-electronica.org/2001_1/past/issue1_ 01.htm). and the pollen assemblages were dominated by evergreen Quercus and to a lesser extent, mesic forest species such as deciduous Quercus. Local environment proxies show a development of a peatland environment in the Padul basin (organic facies featured by higher values of TOC and C/ N and lower values of mid-chain, short-chain and S; Fig. 6 ), which indicate low water levels at that time. The increase in Mediterranean forest taxa may be interpreted as a regional vegetation response to a climate change to warmer and more humid conditions than earlier on during the cold and dry Younger Dryas, agreeing with the increasing trend in SSTs reconstructions from the Alboran Sea (Cacho et al., 1999; Martrat et al., 2004; Rodrigo-Gámiz et al., 2014b; Fig. 7 ; Supplementary Fig. S8 ). The observed peak of evergreen Quercus is consistent with previously described glacial-interglacial vegetation transition from Southern Europe indicating that a cold-dry steppe was followed by pretemperate open woodland [including Juniperus, Pinus, Betula, Quercus; van der Hammen et al. (1971) ]. These results agree with the previous pollen records from Padul, which also show a widespread evergreen Quercus forest after the postglacial epoch (Pons and Reille, 1988 ) and other high-resolution pollen studies in the western Mediterranean region that show a similar forest change with high abundance of Mediterranean taxa (Fletcher and Sánchez-Goñi, 2008 ; Fig. 7 ). These results are also consistent with vegetation variability in the Middle Atlas Mountains of Morocco depicting high values of evergreen Quercus rotundifolia at that time (Lamb and van der Kaars, 1995) . A forest expansion is also observed in the nearby, but higher elevation site, Laguna de Rio Seco in Sierra Nevada ( Supplementary Fig. S8 ), but in this case, it is mostly due to Pinus expansion after a pollen assemblage dominated by steppe vegetation (Anderson et al., 2011; Fig. 7 ). This dissimilarity is probably explained by the altitudinal difference between the two sites (Padul = 750 m vs. Laguna de Rio Seco = 3000 m), being influenced by different vegetation belts (mesomediterranean vs. oromediterranean belt; see Table 1 ). The continental pollen record of the cave site Carihuela, inland Granada at the supramediterranean altitude, also shows a clear oak dominance during this period (Carrión et al., 1999; Fernández et al., 2007) . A punctual increase in algae (principally dominated by Zygnema type) also occurred within this peat-dominated and shallow water period at around~10.5 cal kyr BP. We suggest that this increase in Fig. 7 . Comparison for the Holocene between different pollen taxa from the Padul-15-05 record with a previously pollen record in the same area and other pollen and temperature proxies from nearly records in the western Mediterranean region (see records locations in Supplementary Fig. S8 ). (a) Deciduous Quercus, Evergreen Quercus and Mediterranean forest percentages in the Padul-15-05 record, (b) Deciduous Quercus and Evergreen Quercus in a previously record in the Padul peat bog (Pons and Reille, 1988) , (c) Percentage of Pinus and Artemisia in the nearly Laguna de Rio Seco record, Sierra Nevada (Anderson et al., 2011) , (d) Temperate and Mediterranean forest percentage for the MD95-2043 record, Alboran Sea (Fletcher and Sánchez-Goñi, 2008) , (e) Alkenone sea surface temperature (SST) reconstruction from the MD01-2444, Alboran Sea (Martrat et al., 2004) , (f) Alkenone SST reconstruction from the MD95-2043 record, Alboran Sea (Cacho et al., 1999) , (g) Alkenone SST reconstruction from the 434G record, Alboran Sea (Rodrigo-Gámiz et al., 2014b) . Blue shading represents the humidity optimum during the Holocene in the western Mediterranean region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) algae could probably be linked with an increase in productivity in the wetland resulting from increased temperatures during a warm pulse recorded in the North Atlantic ice record (Bond et al., 2001 ; Fig. 8 ).
Early and middle Holocene and humidity optimum
The early to middle Holocene (from~10 to 4.7 cal kyr BP) in the Padul-15-05 record is featured by the highest values of Mediterranean forest showing the expansion in mesic components (e.g. deciduous Quercus), agreeing with the temperate phase of vegetation transition during interglacial periods (described by van der Hammen et al., 1971 and reviewed by Tzedakis, 2007;  Supplementary Fig. S9 ). The local Padul wetland environment within this period (~10 to 4.7 cal kyr BP) was characterized by generally low water levels, triggering high occurrence of wetland plants, which accumulated in great amounts, generating peat sedimentation related with higher organic content and/ or anoxic/reducing conditions and associated geochemical signals (i.e. higher values of TOC, C/N, S and an increase in mid-chain; Figs. 4 and  6 ). There is an apparent contradiction between the regional vegetation signal, which indicates high humidity, and local sedimentary proxies, which pointing to low water levels in the area. This contradiction could be explained due to very strong evapotranspiration rates during Holocene summer insolation maxima (Laskar et al., 2004) even if annual (mostly winter) precipitation was the highest (Fig. 6) . Low lake levels during the regionally humid early Holocene have also been observed in other records from the southern Mediterranean area, pointing to the same high-evaporative summer insolation phenomenon (Lamb and van der Kaars, 1995; Reed et al., 2001; Magny et al., 2007) .
Despite the overall humid conditions interpreted for the early and middle Holocene, millennial-scale climate variability occurred (see Section 4.1.4 below) and wettest conditions are observed between9
.5 to 7.6 cal kyr BP in the Padul-15-05 record. This humidity optimum is indicated regionally by the maximum expansion of mesic forest species (deciduous Quercus). Our new results from Padul agree with the previously described Holocene climate evolution in the western Mediterranean region, which also show a wetter early and middle Holocene and a transition to drier conditions during the late Holocene (Fletcher (Laskar et al., 2004) , (b) Mediterranean forest taxa (c) Ocean stacked percentage of the Drift Ice Index (reversed) from the North Atlantic (Bond et al., 2001 ), (d) Total solar irradiance (TSI) anomaly reconstruction from cosmogenic radionuclide from a Greenland ice core (Steinhilber et al., 2009) , (e) Alkenone sea surface temperature (SST) reconstruction from the MD01-2444, Alboran Sea (Martrat et al., 2004) , (f) Alkenone SST reconstruction from the MD95-2043 record, Alboran Sea (Cacho et al., 1999) , (g) Alkenone SST reconstruction from the 434G record, Alboran Sea (Rodrigo-Gámiz et al., 2014b) . Beige shadings highlight decreases in Mediterranean forest and coldest events related with decreases in total solar irradiance and decreases in SST. A linear r (Pearson) correlation was calculated between the Mediterranean forest abundances and the TSI anomaly (r = 0.43; p < .001; between ∼ 9.4 and 4.7 cal kyr BP and r = 0.37; p < .001; between 4.7 cal kyr BP and present). In order to obtain equally spaced time series the Mediterranean forest and the TSI anomaly data were previously resampled at 50 years (linear interpolation), the Mediterranean forest data was detrended (only between 4.7 cal kyr BP to Present) and the TSI anomaly smoothed to a five-point average.
et al., 2013; Anderson et al., 2011; Carrión et al., 2010 among others) . The maximum in humidity occurred during summer insolation maxima and thus during the warmest Holocene conditions shown by paleoclimate records such as the Greenland ice core record temperature reconstruction (Alley, 2000) , the decrease in the Drift Ice Index in the north Atlantic records and in total solar irradiance (TSI) and regionally the SST reconstructions in the Alboran Sea (Bond et al., 2001; Cacho et al., 1999; Rodrigo-Gámiz et al., 2014b; Steinhilber et al., 2009; Figs. 7 and 8) . Support for the timing of the Holocene humidity optimum recorded in Padul-15-05 comes from a number of paleoclimatic studies from nearby places. For example, previous pollen results from the Padul sedimentary sequence show a similar increase in deciduous Quercus and maximum humidity at the same time (Pons and Reille, 1988 ; Fig. 7) . The nearby alpine site of Laguna de Rio Seco in Sierra Nevada indicates that the early and middle Holocene is characterized by more abundant mesic vegetation and the maximum in algae and aquatic plants, indicating that humid maximum occurred prior to7
.8 cal kyr BP (Anderson et al., 2011) . Jimenez-Espejo et al. (2008) in a study in the Algero-Balearic basin described that the end of the Holocene, humid conditions occurred between~7.7 and 7.2 cal kyr BP and a synthesis about circum-Mediterranean vegetation change analysis determined that two principal climatic phases occurred during the early and middle Holocene, with a more humid phase from 11 to 7.5 cal kyr BP and a transition phase from 7 to 5.5 cal kyr BP, the later one mostly related to decreasing insolation and the installation of the present climate dynamics (Jalut et al., 2009 ). Dormoy et al. (2009) also described the maximum in humidity in the Mediterranean region during the early and middle Holocene between 9.5 and 7.5 cal kyr BP, resulting from maximum seasonal anomaly characterized by greatest winter precipitation and minima in precipitation during summer. However, some discrepancies exist about the timing of the mesic maximum within this generally humid period in the Mediterranean region and continental and marine records from southern Iberia and north Africa pointed out that the mesic maximum occurred later on during the middle Holocene (Lamb and van der Kaars, 1995; Carrión, 2002; Fletcher and Sánchez-Goñi, 2008) . Supporting our hypothesis, Anderson et al. (2011) suggested that this difference in timing between montane and subalpine forest development and water lake levels could be associated to the different effect that summer insolation maxima and higher seasonality provoked in effective precipitation and water levels during the early Holocene. In lower elevation with higher evaporations rates during summer, compared to higher elevation areas and alpine lakes with lower summer temperatures and higher snowpack during winter and subsequently high lake level.
The early Holocene thermal maximum could be explained by maximum orbital-scale summer insolation (Laskar et al., 2004; Figs. 6 and 8) . The early Holocene humidity maximum was likely due to enhanced fall/winter precipitation, consistent with global climate models predicting that summer insolation maxima favor the land/sea temperature contrast in the Mediterranean thus enhancing the winter rainfall (Meijer and Tuenter, 2007) .
This occurred at the same time that the Intertropical Convergence Zone was displaced northward (prior to~6 ka) into the Sahara and Arabian deserts (Gasse and Roberts, 2004) . However, Arz et al. (2003) and Tzedakis (2007) concluded that summer monsoon did not reach further than the African subtropical desert during the early and middle Holocene and would not have had a direct influence over the northern Mediterranean coast.
Sedimentation at that time in the Padul basin is homogeneous peat but the local proxies show some oscillations (see in Section 4.1.4).
End of the humid period and significant environmental change around 4.7 cal kyr BP
The Padul-15-05 record shows the most significant climatic change affecting both regional and local environment at~4.7 cal kyr BP, right at the middle to late Holocene transition. This paleoenvironmental change is regionally depicted by the beginning of a strong decrease in Mediterranean (especially in the deciduous) forest, indicating progressive climate drying conditions, a slight increase in Pinus, and an increase in Ericaceae (Ramos-Román et al., 2018) . The significant development of heathlands (Ericaceae) during the middle to late Holocene transition could be indicative of reduced insolation under still a relatively humid climate. This agrees with other studies that show that heathlands increased under increasing precession (decreasing summer insolation), suggesting a thriving response to reduced thermal seasonality (Fletcher and Sánchez-Goñi, 2008) . Similar vegetation changes, with the decline in mesic forest species and the increase in shrubs such as Ericaceae, have previously been recorded in other terrestrial and marine pollen archives from the western Mediterranean region during the transition to the late Holocene (e.g., Carrión, 2002; Carrión et al., 2003 Carrión et al., , 2007 Carrión et al., 2010; Fletcher and Sánchez-Goñi, 2008; ) pointing to a regional response to climate aridification and reduction in seasonality (i.e. cooler summers and warmer winters). The timing of this change agrees with Magny et al. (2002) who described the period at 4.5 cal kyr BP, as a crucial transition from wetter to drier climate in the Mediterranean region. In addition, Jalut et al. (2009) , described the aridification process in the Mediterranean region since 5.5 cal kyr BP.
This climatic change also locally affected the Padul wetland environment, and sedimentation changed drastically from mostly peat (unit 2) to carbonate-rich clays (unit 3) rich in aquatic organisms (charophytes and gastropods; between~4.7 to 1.5 cal kyr BP; RamosRomán et al., 2018) pointing to an increase in the lake level. This sedimentary change is principally featured in the geochemistry by a decrease in organic content, a decrease in the aquatic plants in the lake [lower values of TOC (Ramos-Román et al., 2018) , C/N and generally decrease in mid-chain abundance], an increase in Ca and in the palynomorph record by a continuously increase in algae (principally dominated by Botryococcus; Ramos-Román et al., 2018) . In addition, a higher terrestrial and detrital input occurred during the aridification trend, observed in the Padul-15-05 sequence by a slight increasing trend in soil erosion (Glomus) and clastic input (higher K/Si), most likely due to the decrease in Mediterranean forest in the area.
As discussed above, there seems to be a contradiction between regional proxies, showing increased aridity, and local proxies showing increasing lake levels. This could be explained due to varied effect of the orbital-scale decrease in summer insolation in both environments. A decrease in summer insolation would trigger a decrease in the sea surface temperature reducing the wind system and precipitation from sea to shore during winter (Marchal et al., 2002) and would also shorten the length of the growing season thus provoking forest depletion. However, decreasing summer insolation would also reduce the seasonality and would lower evapotranspiration during summer, affecting the evaporation/precipitation balance. This along with the continuous groundwater supply in the Padul basin would explain the increasing lake levels in the Padul wetland during the late Holocene (Fig. 6) . Some authors also related this aridification trend to the establishment of the current atmospheric dynamics with a northward shift of the westerlies -and as consequence a long-term NAO-like positive mode-affecting the western Mediterranean region (Magny et al., 2012) . In addition, this climatic shift coincided with the end of the African Humid Period (5.5 ka; deMenocal et al., 2000) . Shanahan et al. (2015) suggested that the decrease in rainfall at this time shown in the African paleoclimate records (tropical and subtropical Africa) is related to declining summer insolation and the gradual southward migration of the tropical monsoon.
A general decreasing trend in SST is recorded in the Alboran Sea since around 4-3 cal kyr BP (Figs. 7 and 8; Cacho et al., 1999; Martrat et al., 2004; Rodrigo-Gámiz et al., 2014b) , which supports our hypothesis of a lower sea/land temperature contrast. However, the higher resolution study of Rodrigo-Gámiz et al. (2014b) shows increasing SST superimposed between the generally decreasing trend, coinciding with wetter periods such as for example the end of the Iberian-Roman Humid Period.
Within the context of regional progressive aridification, the late Holocene (sensu lato) from Padul could mainly be divided into two phases, a first phase from~4.7 to 3 cal kyr BP characterized by the slight increasing trend in Botryococcus and the declining trend in midchain abundance, and a second phase from~3 to 1.5 cal kyr BP featured by maximum values in Botryococcus and a minimum in mid-chain abundance (Fig. 6) . Relative maxima in Mediterranean forest betweeñ 2.6 and 1.6 cal kyr BP, indicating regional humidity, co-occurred with the maximum in Botryococcus algae also indicating either high relative lake level and/or more productivity in the lake (Ramos-Román et al., 2018) . High relative humidity in this region is supported by the fact that this mild climatic event occurred during the well-known Iberian Roman Humid Period (IRHP) between 2.6 and 1.6 cal kyr BP (Martín-Puertas et al., 2009) .
The aridification trend enhanced around~1.5 cal kyr BP and culminated with a further environmental change to an ephemeral lake (even emerged during the last centuries). This is deduced by the remarkable increase in detritic sedimentation (K/Si; Fig. 6 ), probably due to higher soil erosion (increase in Glomus type) partially enhanced by human activities in the surroundings of the lake since this time (RamosRomán et al., 2018) , and by a continuous increase in mid-chain, shortchain abundance and wetland plants while Botryococcus and other aquatic organisms (especially charophytes) declined. Aquatic plants probably expanded in the Padul wetland area when the water levels dropped. This increasing trend in mid-chain and short-chain abundances started to decline during the last centuries when the wetland became emerged and higher human impact occurred (for more information about human activities see Ramos-Román et al., 2018) .
The~4.7 to Present natural aridification process was interrupted by millennial-scale climate variability with several especially arid events occurring around~4.7-4, 2.7 and 1.3 cal kyr BP (see next section; 4.1.4).
Millennial-scale Holocene climate variability
In addition to the long-term trends observed in the Padul paleoenvironments, likely driven by insolation-related climate changes during the Holocene, the high-resolution multi-proxy record from Padul-15-05 record shows millennial-scale vegetation, lake level and sedimentary oscillations that can be related with global climate variability and cooling events detected in North Atlantic archives. In this respect, the Padul-15-05 sequence shows arid-cooling climatic events around~9. 6, 8.5, 7.5, 6.5, 5.4, 4.7-4 , 2.7 and 1.3 cal kyr BP, generally identified in both regional (decreases in the Mediterranean forest suggesting regional cooling and aridity) and local proxies (increases in clays input, short-chain, mid-chain and hygrophyte) and with periodicities of about 2100 and 1100 years. These short-scale climatic changes affected sedimentation and local lake level in the Padul environment, generally with increases in carbonate (charophytes and gastropods) and clastic sedimentation, hygrophytes, short-chain and mid-chain abundances pointing to higher lake levels probably triggered by cooling and less evaporation in the wetland, enhanced erosion due to deforestation and increase in plants adapted to more aquatic wetland environments (Fig. 6) . Some of these events are manifested in the Padul-15-05 record clearly in both regional and local proxies (~9.6, 7.5, 5.4, 4.7-4, 2.7, 1.3 cal kyr BP) but some others are more evident in the local signal (for example events at 8.5 and 6.5 cal kyr BP). The two latter ones probably indicating that those events were less severe and/or problems recording them sufficiently well in the pollen. During the last~4.7 cal kyr BP, during the establishment of the modern climatic dynamics and the decrease in summer insolation, a shallow lake formed and these cold events are also associated with declines in the lake productivity (for example, reductions in algae before and after the IRHP; Fig. 6 ).
Most of these climatic events have been described in other Mediterranean paleoclimate records, considering the radiocarbon age uncertainties between the different studies. For example, Jalut et al.
(2000) also described aridification phases for the western Mediterranean region around~10. 9-9.7, 8.4-7.6 and 5.3-4.2, 4.3-3.4 , 2.8-1.7 and 1.3-0.75 cal kyr BP, showing that these events were correlated with glacial advances, 14 C anomalies, North Atlantic records and paleohydrological changes in European mid-latitudes suggesting that they were a regional response to global climate change. Some arid events around 9.6-9.5, 8.4-8 and 6-5.5 cal kyr BP, have been also identified as arid and cool events in a study from the eastern and western Mediterranean region ). Fletcher and Zielhofer (2013) detected this rapid climate changes relating these arid periods with high-latitude cooling events around 6-5 and 3.5-2.5 cal kyr BP. Recently, Zielhofer et al. (2017) show a decrease in western Mediterranean winter rain at 11. 4, 10.3, 9.2, 8.2, 7.2, 6.6, 6.0, 5.4, 5.0, 4.4, 3 .5, 2.9, 2.2, 1.9, 1.7, 1.5, 1.0, 0.7, and 0.2 cal kyr BP. They associated these events during the early Holocene with Atlantic coolings probably related with meltwater discharges and weakening of the Atlantic overturning circulation. In contrast, after~5 cal kyr BP, they related these Atlantic cooling episodes to humid winters and negative NAO conditions evidencing a change in the ocean-atmospheric system in response to the external forcing. In the nearby Sierra Nevada, arid events are detected around 3.8-3.1 and 1.8-0.7 cal kyr BP (Laguna de la Mula; Jiménez- Moreno et al., 2013) . Cold and arid events detected in the Padul-15-05 record at 9.6, 8.5, 7.5, 6.5, 5.4, 4.7-4, 2.7 and 1.3 cal kyr BP have been also identified in North Atlantic records (Bond events 6, 5, 4, 3, 2, 1; Bond et al., 2001; Fig. 8) , which indicate that these events were recorded at hemispheric scales. The good correspondence with the timing of these cold events with decreases in solar activity recorded by the TSI anomaly during the Holocene could show a link between them (Steinhilber et al., 2009; Fig. 8) . The correlation between the Mediterranean forest from Padul and TSI anomaly (r = 0.43; p < .001 between~9.4 to 4.7 cal kyr BP and r = 0.37; p < .001 between 4.7 cal kyr BP to present) seems to show that a link exists between solar and environmental variability in the Mediterranean area. This would agree with previous studies showing a sun-climate-environment relationship (Zielhofer et al., 2017) . However, we are still far to understanding how solar activity affects climate and deeper studies are necessary in order to provide with information about the behavior between solar, climate and environmental relationships and the link between the Mediterranean and North Atlantic regions.
Forcing mechanisms of Holocene millennial-scale climate variability in the western Mediterranean region
The time series analysis done on the Mediterranean forest (regional proxy) from the Padul-15-05 record using wavelet analysis shows millennial-scale cyclical periodicities during the early, middle and late Holocene. This analysis helps to understand the relationship between the regional paleoenvironmental periodicity in the proxy data from the Padul record and external (i.e. solar activity) and internal (oceanic-atmospheric dynamics) forcings during the Holocene in the western Mediterranean. Cyclicities of around~2100 yr and~1100 yr are detected in the Mediterranean forest taxa time series with a statistically strong cyclical pattern during the early and middle Holocene (the1 100 yr cycle is absent in the late Holocene), and a predominant1 430 yr cycle between the transition of the middle-late Holocene and during the late Holocene (Supplementary Fig. S7 ). This later cycle could be carefully linked to human impact, which could have altered the natural climatic signal and is recorded in this area since the last1 500 yr (Ramos-Román et al., 2018) . Our results are consistent with similar cyclical patterns detected throughout the North Atlantic records and related with solar activity also describing~2500 and 1000 yr periodicities during the early Holocene (Debret et al., 2007 (Debret et al., , 2009 . A similar periodicity of about 2300 yr is recognized in the Δ 14 C residual series from the Greenland Ice Sheet record (Mayewski et al., 1997) . This periodicity has also been evidenced in sea surface temperatures (SST) reconstructions in the Aegean Sea in the NE Mediterranean related with glacier advance and suggesting a solar modulation (Rohling et al., 2002) . The~1000 yr periodicity is also stablished as a signal of solar activity in many other records in the Mediterranean and the North Atlantic region (e.g. Debret et al., 2007; Debret et al., 2009 and references therein) . Previous cyclostratigraphic analysis performed in the nearby Sierra Nevada alpine area also described cyclical climatic fluctuations with periodicities around 2200 yr (Jiménez-Espejo et al., 2014) . In contrast, other spectral analyses carried out in other records in the North Atlantic and western Mediterranean region detected a periodicity of around~1500 yr (e.g. Bond et al., 2001; Rodrigo-Gámiz et al., 2014a) . This~1500 yr cycle is also common in other Sierra Nevada records (Jiménez-Espejo et al., 2014; García-Alix et al., 2017) and was interpreted as a solar and atmospheric-oceanic forcing mechanism. In addition, a cycle of8 00-760 yr has also been detected in the detailed studied of the late Holocene part of the Padul-15-05 record (Ramos-Román et al., 2018) and in other records in the Sierra Nevada (Ramos-Román et al., 2016) . This cycle could be related to the second harmonic of the1 600-1500 yr cycle. These results show very mixed interpretations with both solar and/or oceanic forcing mechanisms being described to explain cyclicities in the different proxies. Debret et al. (2009) in a nonstationary time series analysis tried to differentiate the different forcing mechanisms for the different cyclicities and also described an intensification of the~1600 yr period detected in the North Atlantic area (terrestrial and marine records and interpreted of both solar and oceanic origin) in the last 5000 years. Those authors then interpret this cyclical periodicity change as a shift in dynamics from mostly external (solar) forcing to mostly internal (oceanic) forcing.
According to this, the results from the Padul-15-05 Holocene record suggest that the regional climate variability during the early and middle Holocene was partially due to external forcing (i.e. solar irradiance) and variability during the late Holocene (since~4.7 cal kyr BP) was dominated by the effect of internal forcing (atmospheric-oceanic dynamic) -established since the NAO system influencing the western Mediterranean region-enhanced since~5 cal kyr BP (Debret et al., 2007 (Debret et al., , 2009 ). described a shift in the millennialscale periodicity since around~6 cal kyr BP related with the establishment of the actual climate system in the western Mediterranean region. The similarities between the millennial-scale oscillations observed in the Padul-15-05 record with the total solar irradiance anomaly (TSI) and cooling events in the North Atlantic region (e.g. Bond et al., 2001; Steinhilber et al., 2009; Fig. 8 ) support the solaratmospheric-oceanic link in the Atlantic-western Mediterranean region previously suggested (Debret et al., 2009) .
Conclusions
Variations in regional and local paleoenvironmental and paleoclimate proxies from the Padul-15-05 Holocene record helped to interpret climate and paleoenvironmental change during the last 11,600 years in southern Iberia and the western Mediterranean region. The comparison of our record with other regional and global oceanic-atmospheric-terrestrial studies aided to comprehend the origin of these paleoenvironmental changes.
The early and middle Holocene was characterized by overall humid and warm conditions and a humidity optimum between~9.5 and 7.6 cal kyr BP, humid winters and very hot and dry summers and a higher seasonality, occurred in this area due to summer insolation maxima. These interpretations come from the highest occurrence of deciduous tree species and humid conditions in the local environment (higher mid-chain abundance) in the Padul-15-05 core. Summer insolation maxima translated into very high evaporation rates and lowest lake level conditions triggering the abundance of wetland plants and the deposition of peat related with the higher TOC. A transition phase towards drier conditions is recorded in the middle Holocene between7
.6 and 4.7 cal kyr BP through a decrease in deciduous forest and a higher water level variability mainly associated with variations in Ca, S, K/Si ratio and TOC content. This environmental change was probably due to a reduction in seasonality and decreasing summer insolation, which also locally triggered less evaporation and the alternation of water level increase within a peatland environment. This climate transition culminated in the Padul area with a significant environmental change at~4.7 cal kyr BP, featured by a regional aridification trend that produced a decreasing trend in the Mediterranean forest. Precipitation decreased in the late Holocene but the decrease in summer insolation locally triggered less evaporation and the development of a shallow water lake environment and a significant sedimentary change characterized by higher values of Ca an increasing trend in clay minerals (K/Si ratio), and the decrease in TOC. The Padul shallow lake environment became ephemeral since~1.5 cal kyr BP and even emerged during the last centuries probably induced by human impact.
The Padul-15-05 record also shows millennial-scale climate variability with declines in Mediterranean forest showing cool-arid events and variability in the lake level around 9. 6, 8.5, 7.5, 6.5, 5.4, 4.7-4, 3 , 2.7 and 1.3 cal kyr BP, associated with cold events in the North Atlantic records. According to the regional (Mediterranean forest taxa) paleoclimate results from the non-stationary time-series analyses, climate during the early and middle Holocene could have been influenced by external solar forcing with typical periodicities around 1100 and 2100 yrs., and the last~4700 years could have been associated with an internal oceanic/atmospheric control (also in part related with solar forcing) as periodicities changed towards~1430 yr in the regional paleoclimate proxy. However, this later periodicity has to be taken carefully as human impact is evident in the area during the last 1500 yr, probably altering somehow the climatic record.
We would like to emphasise on the importance of carrying out multi-proxy analyses containing both regional and local signals and a non-stationary time-series analysis in order to clarify the links between terrestrial-oceanic-atmospheric connections in Holocene paleoclimatic studies.
